The phoM gene is one of the positive regulatory genes for the phosphate regulon of Escherichia coli. We analyzed the nucleotide sequence of a 4.7-kilobase chromosomal DNA segment that encompasses the phoM gene and its flanking regions. Four open reading frames (ORFs) were identified in the order ORF1-ORF2-ORF3 (phoM)-ORF4-dye clockwise on the standard E. coli genetic map. Since these ORFs are preceded by a putative promotor sequence upstream of ORF, and followed by a putative terminator distal to ORF4, they seem to constitute an operon. The 157-amino-acid ORF, protein contains highly hydrophobic amino acids in the amino-terminal portion, which is a characteristic of a signal peptide. The 229-amino-acid ORF2 protein is highly homologous to the PhoB protein, a positive regulatory protein for the phosphate regulon. The ORF3 (phoM gene) protein contains two stretches of highly hydrophobic residues in the amino-terminal and central regions and, therefore, may be a membrane protein. The 450-amino-acid ORF4 protein contains long hydrophobic regions and is likely to be a membrane protein.
The phoM gene is one of the positive regulatory genes for the phosphate regulon of Escherichia coli. We analyzed the nucleotide sequence of a 4.7-kilobase chromosomal DNA segment that encompasses the phoM gene and its flanking regions. Four open reading frames (ORFs) were identified in the order ORF1-ORF2-ORF3 (phoM)-ORF4-dye clockwise on the standard E. coli genetic map. Since these ORFs are preceded by a putative promotor sequence upstream of ORF, and followed by a putative terminator distal to ORF4, they seem to constitute an operon. The 157-amino-acid ORF, protein contains highly hydrophobic amino acids in the amino-terminal portion, which is a characteristic of a signal peptide. The 229-amino-acid ORF2 protein is highly homologous to the PhoB protein, a positive regulatory protein for the phosphate regulon. The ORF3 (phoM gene) protein contains two stretches of highly hydrophobic residues in the amino-terminal and central regions and, therefore, may be a membrane protein. The 450-amino-acid ORF4 protein contains long hydrophobic regions and is likely to be a membrane protein.
Escherichia coli has a very complex network for the regulation of the genes involved in the uptake and metabolism of phosphate (8, 9, 19, 37 ; see references 30 and 31 for recent reviews). Expression of the phoA and phoE genes and the pst and phoB-phoR operons is dependent on a transcriptional activator, the phoB gene product (10, 14, 26) . In wild-type strains, expression of the phoB-phoR operon is positively regulated by the products of the phoB and phoR genes with limited phosphate and negatively regulated by the products of the phoR gene and pst operon with excess phosphate. Two types of phoR mutants were isolated; one, like phoR68, expresses phoA constitutively but at a low level, and the other, like phoR69, expresses phoA constitutively but at a high level. Only in the former type of phoR mutants does expression of the phoB-phoR operon and the genes of the phosphate regulon depend on phoM gene function with both high and low phosphate (10, 14, 26, 35) . The PhoM protein is functionally analogous to the positive regulatory form of the PhoR protein, although phoMdependent phoA expression is not as high as phoRdependent phoA expression.
The phoM gene maps at 100 min on the E. coli genetic map (2, 34) and has been cloned on a vector plasmid (13, 15, 29) . The gene product has been identified by the maxicell method as a protein with a molecular weight of 55,000 to 60,000, and the orientation of transcription has been shown to be clockwise on the genetic map (13, 15 
MATERIALS AND METHODS
Bacteria, bacteriophages, and plasmids. The E. coli strains used were BW521 (F-lacZ524 phoR68 phoM451 rpsL thi) (from B. L. Wanner) for selecting recombinant plasmids containing the phoM gene and JM103 [A(pro-lac) supE thilF' traD36 proAB lacIq lacZAM15] (18) as a host for bacteriophage M13. Phage M13mp9 was purchased from Pharmacia Japan, Tokyo, and used for cloning and sequencing the DNA fragment. Plasmid pTHR34, carrying the chromosomal fragment of E. coli KLF125/KL181 (CGSC 4320) containing the phoM gene, has been described (15) .
Media. L broth, T broth, other liquid media, and agar plates used for experiments with M13 phage have been described (1) .
DNA manipulation. Plasmid and bacteriophage M13 replicative-form DNAs were prepared by a method previously described (3) . Restriction endonuclease digestion, agarose and polyacrylamide gel electrophoreses, ligation of DNA fragments with T4 DNA ligase, transformation with plasmid DNA, and transfection with phage DNA were done as previously described (1) .
Nucleotide sequencing. The M13 phage was manipulated as described previously (18) . The chromosomal DNA fragments to be sequenced were isolated after digestion of pTHR34 plasmid DNA with restriction enzymes. The 1.5-kilobase-pair (kbp) EcoRI-PvuII fragment, 2.6-kbp KpnIKpnI fragment, and 1.9-kbp HpaI-HpaI fragment were thus isolated (Fig. 1) . Protruding single-stranded regions were either filled in or cut with T4 DNA polymerase as described previously (17) . The blunt-end DNA fragments were ligated into the HincIl site of M13mp9 replicative-form DNA in both orientations. A series of phage clones with deletions from one end of the cloned DNA fragments were prepared by the method of Hong (11) . Details of the procedure were described previously (1) . The nucleotide sequences of the cloned DNA fragments were analyzed by the dideoxynucleotide chain termination method of Sanger et al. (23, 24 Fig. 1 , and the nucleotide sequence is presented in Fig. 2 Identification of translational ORFs in phoM region. Since the phoM gene was located within a 1.5-kbp region on the DNA fragment and the gene product is a protein with a molecular weight of 55,000 to 60,000 (13, 15, 29) , the ORF consisting of 1,422 bases from nucleotides 1754 to 3175 ( Fig.  1 and 2 ) corresponds to the coding region of the gene. This ORF can code for a protein of 474 amino acids with a molecular weight of 52,116, and the orientation of the gene is the same as that of the phoM gene previously identified (13, 15) . The first ATG codon of ORF3 (phoM) is preceded by a typical ribosome-binding-site sequence (12, 27) , GAGG, located at nucleotides 1742 to 1745.
Drury and Buxton (7) identified an ORF between the phoM and dye genes and established part of the nucleotide sequence. ORF4, consisting of 1,350 bases from nucleotides 3236 to 4585, which is distal to the phoM gene ( Fig. 1 and 2 (12, 27) (Fig. 2) . It is likely that these four ORFs code for proteins, although the function of each ORF has not been identified nor has the mutant strain corresponding to each ORF been isolated (except for the phoM mutant).
Preceding ORF1, a well-conserved putative promoter consisting of the Pribnow box (-10 region) TATGTT from nucleotides 522 to 527 and the -35 region TTGAGA from nucleotides 500 to 505 was found (Fig. 2) . Although two other putative promoters, one consisting of the -10 region TTTTGT from nucleotides 506 to 511 and the -35 region TTGACG from nucleotides 482 to 487 and the other consisting of the -10 region TATGTT from nucleotides 469 to 474 and the -35 region TTCAGT from nucleotides 445 to 450, were found ( Fig. 2) , they deviate more from the canonical sequences for promoters (22) than does the one found in the nucleotide 522-to-527 and 500-to-505 regions.
A nucleotide sequence with an inverted repeat that may form a stable stem-and-loop structure in the transcript was found distal to ORF4 from nucleotides 4596 to 4630 (Fig. 2) , and this may be a transcriptional terminator for this operon, as well as the terminator for the dye gene, as suggested by Drury and Buxton (7) .
Since the chlG gene also maps in this region (34), we were interested in determining whether chlG corresponded to one of the unassigned ORFs in the region sequenced. However, no complementation was found (data not shown). Since we used plasmid pTHR32, which carries the four ORFs and the dye and thrAB genes on a mini-F vector (15) (6, 20, 25) The amino acid sequence of the PhoR protein deduced data). To compare the hydrophilicity profiles of the two from the DNA sequence contains a very long stretch proteins, we plotted a profile of the hydrophilicity of the ofhydrophobic residues in its amino-terminal segment, and PhoM protein with a computer program, the Genetyx thus, the protein may be a membrane protein (unpublished Hydrophilicity Plot (SDC Software Co., Ltd., Tokyo, Ja- (6, 20, 25) . Identical and similar amino acids are indicated by asterisks and primes, respectively. Amino acid residue numbers are indicated, with the first methionine residues designated as 1.
pan), by taking averages for five consecutive amino acids. The results indicated that there are two regions with highly hydrophobic amino acid sequences in the PhoM protein, one in the amino-terminal region and the other in the middle region (Fig. 3) .
Homology of ORF2 product with PhoB protein. Since the phoR gene constitutes an operon with the proximal gene, phoB (16) , and the function of the phoR gene can be partially replaced by the phoM gene, we examined whether any other products of the ORFs in the putative phoM operon showed homology with the PhoB protein (14) . The amino acid sequence deduced from ORF2 shows high homology with that deduced from the DNA sequence of the phoB gene (Fig.  4) . The aligned sequences of the two proteins have 37% identical and 25% similar amino acids.
The products of ORF1 and ORF4 may be envelope proteins. Hydrophilicity profiles of the amino acid sequences deduced from the DNA sequences of ORF1 and ORF4 were plotted by a computer program to find clues to the nature of the proteins. The amino-terminal region of the ORF1 product has several features characteristic of signal peptides involved in the secretion of proteins through the inner membrane (21) . The putative ORF1 product contains three basic amino acid residues next to the first Met residue, followed by a long stretch of hydrophobic residues that ends with an alanine residue at position 19 or 21 that may be a cleavage site for a signal peptidase (Fig. 2) . Since the rest of the sequence does not contain highly hydrophobic regions, this putative protein may be a periplasmic protein.
Since the hydrophilicity profile of the putative ORF4 product revealed similar features for the amino-terminal region (Fig. 2) , the ORF4 product may also contain a signal peptide. In addition, it also contains several long stretches with high hydrophobicity near its carboxyl terminus. Therefore, it may be an outer membrane protein or one that spans the inner membrane.
DISCUSSION
The complete nucleotide sequence of the phoM region revealed four ORFs which appear to constitute an operon in which ORF3 corresponds to the phoM gene. The direction of transcription is from ORF, toward ORF4 clockwise on the circular E. coli genetic map (2) . ORF4 overlaps with the DNA sequence distal to the dye gene reported by Drury and Buxton (7) . The terminator of this operon is likely to be shared with the dye gene, which is transcribed counterclockwise, as suggested by Drury and Buxton (7) . Therefore, the organization of the putative genes in this region is trpR. ..ORF1-ORF2-phoM (ORF3)-ORF4-dye-thrABC clockwise on the standard E. coli genetic map.
In earlier studies, Makino et al. (15) studied the expression of a phoM'-'lacZ fusion. However, the fusion used did not contain the putative promoter for the phoM operon, as determined here. Presumably, the phoM'-'1acZ fusion studied by Ludtke et al. (13) did contain the putative promoter proximal to ORF1. Their results suggest that the phoM gene is not regulated by phosphate. However, the restriction maps of the phoM region reported by our group (15) and by Tommassen et al. (29) do not agree with that reported by Ludtke et al., as noted earlier (13) . Therefore, we constructed an ORF1-ORF2-phoM'-'1acZ fusion with the putative promoter and studied the regulation of the gene expression by phosphate. The results suggest that the expression of the phoM gene is not regulated by phosphate in the medium (unpublished results).
Since the expression of this putative operon is not regulated by phosphate and the function of the phoM gene could only be detected in the phoR mutants, the function of the operon in the regulation of the phosphate regulon may be auxiliary. The functions of the genes in the phosphate regulon determined thus far are all related to the uptake and use of phosphate compounds. Therefore, the phosphate regulon is considered to be a global regulatory system for the cell to adapt to a limited supply of phosphate. The major function of the putative phoM operon remains to be determined and is unlikely to be regulated by the phosphate regulon. However, Wanner and McSharry (33, 36) showed that expression of several (although unknown) phosphateregulated promoters is induced by other physiological conditions for which the phoB and phoM products are required. The identification of a physiological trigger to induce this operon should be an important clue to the understanding of its biological significance.
Although the phoM gene can replace the positive regulatory function of the phoR gene, no homology in the primary structures of the gene products was detected. Their only common structural features are the long stretches of hydrophobic regions, and therefore, both may be associated with the membrane and may function as components of a signal transducer that modifies the function of the PhoB protein.
The primary structure of the ORF2 product deduced from the DNA sequence has extensive homology with that of the PhoB protein, and the ORF2 and PhoB proteins consist of an identical number of amino acids. Since the PhoB protein is likely a transcriptional activator of the genes belonging to the phosphate regulon (14, 31; our unpublished data), the product of ORF2 may also be a transcriptional regulator for the phoM operon or some unidentified gene(s) or both. Recently, we purified the PhoB protein and showed that it binds to the consensus sequence for the regulatory regions of the genes of the phosphate regulon and activates transcription of these genes in vitro (14; unpublished results). Since the products of the phoB and phoR genes are involved in the regulation of the phosphate regulon and these genes constitute an operon (16), a similar relationship can be considered for ORF2 and the phoM gene. However, the combination of phoM and ORF2 cannot substitute for the combined functions of phoR and phoB for the regulation of the phosphate regulon, since a strain with a deletion in phoB-phoR but with intact ORF2-phoM did not synthesize alkaline phosphatase (4) . Therefore, although phoM can substitute for the positive regulatory function of phoR (31, 35) , ORF2 cannot substitute for phoB in the regulation of the phosphate regulon.
Our recent work showed that both the PhoB and ORF2 proteins have extensive homology with the OmpR (5) and Dye (7) proteins of E. coli, the VirG protein of Agrobacterium tumefaciens (P. R. Ebert, S. C. Winans, S. E. Stachel, and E. W. Nester, personal communication), and the SpoOA protein of Bacillus subtilis (32) . All of these proteins may be transcriptional regulators for the genes coding for envelope proteins. The amino-terminal halves of the PhoB and ORF2 proteins have extensive homology with the CheB and CheY proteins of Salmonella typhimurium (28) and the SpoOF protein of B. subtilis (32) . The CheB and CheY proteins are components of a sensory transducer in chemotaxis, and the SpoOF protein is required for sporulation. Therefore, the amino-terminal domains of the ORF2 and PhoB proteins may be involved in the reception of physiological signals and may affect the function in the carboxyl-terminal domains that interact with the regulatory regions of the genes to be regulated.
